[1] The diurnal cycle of precipitation in the New Guinean region is studied on the basis of satellite observations from Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) measurements and regional atmospheric model simulations. The study focuses on the effects of both the land-sea breeze and the orographic forcing on the diurnal evolution of precipitation during the rainy season (January-March) in the region. The 7-year TRMM PR data composite reveals several distinct features of the precipitation diurnal cycle in the region. Precipitation bands develop in the inland coastal region in the late morning to early afternoon and migrate inland from both northeast and southwest sides of the New Guinean Island following the inland penetration of the sea-breeze fronts. A separate convective rainband develops over the central mountain ridge in the early afternoon as a result of the development of the upslope winds due to the elevated surface warming over the mountain in the morning hours. This mountain ridge rainband intensifies and becomes the dominant rainband as the coastal rainbands associated with the sea-breeze fronts weaken during the late afternoon and the early evening. In the midnight to the early morning the rainband over the mountaintop weakens as downslope winds develop and splits into two rainbands, propagating away from the mountain ridge, one to the north and one to the south, and weakens over the lowland some distance away from the coasts. Meanwhile a coastal rainband develops offshore on each side of the island in the late evening to midnight and remains strong through early morning before it migrates offshore. As a result, the rainfall rate peaks in the late afternoon to early evening in most land areas except for in the lowland regions between the coastlines and the mountain where the rainfall rate peaks during the midnight, while the rainfall rate peaks in the late evening to early morning in most coastal regions offshore. The distribution of the diurnal amplitude shows two maxima: one over the mountains and the other in the coastal regions offshore. Convective rainfall rate peaks in the late afternoon while stratiform rainfall rate peaks in the midnight to early morning. The latter dominates the large diurnal amplitude over the mountain areas in the early morning. The above broad features are simulated reasonably well in a control experiment with a high-resolution regional atmospheric model. A sensitivity experiment with the terrain removed is conducted to elucidate the role of orographic forcing in the diurnal evolution of both the local circulation and rainfall patterns. The results show that the orographic forcing affects the diurnal precipitation through three major processes. First, the orography increases the moisture convergence at low levels by blocking and deflecting the mean flow. Second, the upslope winds help initiate convection in the afternoon at the mountaintop. Finally, the deep convection over the mountain acts as a source of propagating gravity waves, which help initiate rainbands in the coastal regions offshore in the late evening to early morning. Implication of the results is discussed.
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Introduction
[2] The islands of the Maritime Continent play an important role in both global general circulation and regional weather and climate [e.g., Chang et al., 2004 Chang et al., , 2005a Chang et al., , 2005b . Convective activity over the Maritime Continent is one of the major energy sources driving the global circulation [McBride et al., 2003; Neale and Slingo, 2003] . The convective activity is strongly affected by orography over this region and shows remarkable diurnal variation [Holland and Keenan, 1980; Kubota and Nitta, 2001; Liberti et al., 2001; Wu et al., 2003; Mori et al., 2004; Byon and Lim, 2005; Sakurai et al., 2005] . Recent observational studies by Hsu and Lee [2005] show that small and mesoscale mountains in the Maritime Continent region can considerably modulate the activity of large-scale tropical convection and regulate the Madden-Julian Oscillation (MJO). The New Guinean Island is located in the eastern end of the Maritime Continent with a width of about 600 km and is elongated in the northwest-southeast direction. Its central mountain ridge is the largest and highest in the Maritime Continent region and has a peak elevation over 3000 m above the mean sea level (Figure 1) .
[3] Despite its importance to large-scale circulation, convection over the Maritime Continent is hard to be accurately simulated by most global general circulation models (GCMs), partly because of the coarse spatial resolution and partly because of the use of inaccurate physics parameterizations. This gives rise to the low skills of many GCMs in simulating the MJO Sperber et al., 1996] . In addition to insufficient resolution to resolve the detailed land-sea contrasts and orography, most GCMs have systematic bias in simulating the diurnal evolution of clouds and precipitation in the tropics [Yang and Slingo, 2001; Betts and Jakob, 2002; Slingo et al., 2004; Dai and Trenberth, 2004; Neale and Slingo, 2003] . Recent studies show that diurnal cycle of clouds and precipitation can affect the model behavior at longer timescales, such as the mean climate and low-frequency variability [Neale and Slingo, 2003; Wang et al., 2006] . Therefore current GCM biases in simulating the large-scale convective activity over the Maritime Continent could be partially attributed to the systematic bias in the simulation of diurnal cycle of clouds and precipitation.
[4] Simulation of diurnal variation of clouds and precipitation provides a key test of many aspects of the physical parameterizations in an atmospheric model, from radiative transfer and surface exchanges through to boundary layer and cloud and precipitation processes [Yang and Slingo, 2001] . Further, in case of coastal areas and mountains, this also a test for the ability of a model to capture the correct scale of thermally forced circulations, such as land-sea breeze and upslope/downslope winds. Recent efforts have been made either to improve/evaluate the simulation of diurnal cycle in climate models [Betts and Jakob, 2002; Slingo et al., 2004; Dai and Trenberth, 2004; Wang et al., 2006] or to improve the understanding of physical processes key to the diurnal variation of clouds and precipitation [Sui et al., 1997; Liberti et al., 2001; Saito et al., 2001; Kubota et al., 2004; Kataoka and Satomura, 2005] .
[5] Although diurnal cycle of clouds and precipitation is ultimately related to solar heating, it is subject to great regionality and seasonality and depends largely on both large-scale circulation and regional forcing, such as the land-sea contrast and orographic forcing [Wallace, 1975; Liberti et al., 2001; Nesbitt and Zipser, 2003; Yang et al., 2004; Tian et al., 2005; Hong et al., 2005] . In particular, recent studies with high-resolution satellite measurements have revealed many detailed characteristics of diurnal cycle of clouds and precipitation in the Maritime Continent region [Kubota and Nitta, 2001; Liberti et al., 2001; Wu et al., 2003; Mori et al., 2004; Byon and Lim, 2005; Sakurai et al., 2005] . These studies show that rainfall rate generally peaks in the late afternoon to early evening over the land and the local time of rainfall peak migrates offshore because of either the reversal of land-sea breeze or gravity waves forced by deep convection previously developed over the land or both [Liberti et al., 2001; Mapes et al., 2003; Mori et al., 2004; Sakurai et al., 2005] .
[6] By great chance, recent observational and modeling studies have mainly focused on the diurnal cycle of convection over the Sumatra Island Sakurai et al., 2005; Kataoka and Satomura, 2005] . The diurnal cycle of clouds and precipitation over the New Guinea, however, has received much less attention although it has the highest mountain ridge among the islands of the Maritime Continent. The first comprehensive observational study of diurnal cycle of cloud systems was made by Liberti et al. [2001] , who examined the effects of New Guinea and other major islands on the diurnal cycle of clouds within the surrounding ocean areas from Geostationary Meteorological Satellite (GMS) infrared radiation (IR) data. They found that the precipitating cloud systems were forced by low-level convergence between the large-scale flow and a possible land breeze over the land and then propagated offshore up to 600 km away from the coast of New Guinea at an average speed of about 15 m s
À1
. Although GMS IR data provide both high temporal and spatial resolution cloud image, they could not provide either rainfall rate or the nature of convective or stratiform precipitation. These however are key to both understanding the nature of precipitation system and validating numerical model simulations.
[7] In this study, we first examine the diurnal cycle of precipitation over the New Guinea and surrounding oceans in the rainy season (January to March) using the 7-year Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) 3G68 data, which provide hourly convective and stratiform rainfall rates with a resolution of 0.5°longitude by 0.5°latitude from 1998 to 2004. A control simulation is then conducted with a high-resolution regional climate model with dual objectives: to test the model's ability in simulating the diurnal evolution of clouds and precipitation, and to examine the evolution of the associated three-dimensional structure of the local circulation. Finally a sensitivity experiment with mountains removed is performed to investigate the possible effect of orography on the diurnal cycle of clouds and precipitation in the region.
[8] The rest of the paper is organized as follows. The next section describes the TRMM PR 3G68 data and the regional atmospheric model used in this study, together with a brief description of the design of numerical experiments. Section 3 discusses the composite diurnal cycle of precipitation from 7-year TRMM PR observations. The results from a control simulation are analyzed in section 4, which is followed by a discussion on the results from a sensitivity experiment with the model orography removed in section 5. Our main findings are summarized in the last section.
2. TRMM PR Data, Model, and Experimental Design 2.1. TRMM PR Data
[9] The observed rainfall rates in this study were taken from the Tropical Rainfall Measuring Mission (TRMM) 3G68 precipitation radar (PR) data covering 7 consecutive years from 1998 to 2004. These data represent instantaneous values of the rain rate (also provided is the fraction of the rain rate estimated to be of convective origin) on 0.5 Â 0.5 degree latitude/longitude grids. Given the limited sampling provided by the TRMM satellite, these data are composited for each grid box and each hour of the day from the January -March period in 7 consecutive years (1998 -2004) . Although it suffers from both a narrow swath and coarse sampling time intervals, the TRMM 3G68 data set is still a very useful data set to represent the precipitation diurnal cycle [e.g., Negri et al., 2002] . As suggested by Negri et al., a 4-hour running mean was applied to the composite diurnal cycle to reduce the noise level.
[10] The TRMM 3G68 rain type (convective/stratiform) classification is based on the Version 6 TRMM PR products (containing TRMM 2A12 [Kummerow et al., 2001] , 2A25 [Iguchi et al., 2000] , and 2B31 [Haddad et al., 1997] ), which classifies the rain type according to vertical structure, such as bright-band identification, echo-top height, and maximum reflectivity in the vertical profile, and horizontal variability of the echo, such as peakedness and local echo intensity [Houze, 1997] . Although the algorithm for the rain type classification could not be perfect because of criteria used, the 3G68 rain types have been the only and the best products that can resolve the diurnal cycle of precipitation with a global coverage. The overall features that we will discuss should not be affected significantly by the uncertainties in the algorithm.
Model
[11] The model used in this study is the regional climate model, IPRC -RegCM, developed at the International Pacific Research Center (IPRC), University of Hawaii. A detailed description of the model and its performance in simulating regional climate over East Asia and over the eastern Pacific is given by Wang et al. [2003 Wang et al. [ , 2004a Wang et al. [ , 2004b . A recent application of the model to the study of large-scale diurnal cycle of tropical precipitation over the Maritime Continent is given in Wang et al. [2006] . The model uses hydrostatic primitive equations in spherical coordinates with s (pressure normalized by surface pressure) as the vertical coordinate. The model equations are solved with a 4th-order conservative horizontal finite difference scheme on a longitude/latitude grid system and a leapfrog scheme with intermittent use of the Euler backward scheme for the time integration.
[12] The model physics include a cloud microphysics scheme for grid-scale moist processes [Wang, 2001] ; a nonlocal E-e turbulence closure scheme for subgrid-scale vertical mixing [Langland and Liou, 1996] ; a MoninObkuhov similarity scheme for surface flux calculation over the ocean [Fairall et al., 2003] ; the Biosphere-Atmosphere Transfer Scheme (BATS) of Dickinson et al. [1993] for land surface processes; the radiation package originally developed by Edwards and Slingo [1996] and further improved later by Sun and Rikus [1999] ; and the mass flux convective parameterization scheme for subgrid-scale shallow, midlevel, and penetrative convection originally developed by Tiedtke [1989] , and later modified by Nordeng [1995] . The modified convective parameterization scheme uses a CAPE closure instead of the original moisture convergence closure for deep convection. Cloud amount is diagnosed using the Xu and Randall [1996] semiempirical parameterization scheme. In order to improve the simulation of precipitation diurnal cycle, the convective lateral entrainment/detrainment rate for shallow convection in the Tiedtke scheme was taken to be 2 Â 10 À3 m À1 as recommended by Siebesma and Holtslag [1996] and Wang et al. [2006] .
[13] The model has its own rain type classification based on the grid resolved motion. Subgrid-scale convection is allowed to occur only when a grid box is conditionally convectively unstable [Tiedtke, 1989] and has an averaged relative humidity larger than 80% in the detected cloud column [Wang et al., 2003] . Grid-scale condensation occurs when the relative humidity of the grid box is at 100% and the resulted precipitation is regarded as stratiform precipitation in the model. This definition is quite different from that used in the TRMM PR product. Therefore comparison of the fraction of stratiform versus total precipitation should not be considered quantitative but just suggestive as a reference.
Design of Numerical Experiments
[14] The experimental design follows Wang et al. [2006] . The model domain covers the region 125 -155°E and 15°S-5°N over New Guinea with a horizontal grid spacing of 0.15 degrees in both longitude and latitude, which can resolve reasonably well the central mountains over New Guinea (Figure 1) . The model has 28 s levels in the vertical with stretched high resolution in the lower troposphere to better represent the atmospheric boundary layer processes. The USGS high-resolution topographic data set (0.0833°Â 0.0833°) was used to obtain the model envelope orography. The high-resolution vegetation type data from USGS is reanalyzed for the model based on the dominant vegetation type in each grid box.
[15] The European Center for Medium-Range Weather Forecast (ECMWF) reanalysis (ERA40) available at every 6 hour intervals with a resolution of 2.5°Â 2.5°in the horizontal and 17 pressure levels up to 10 hPa was used to define both the initial and lateral boundary conditions for the regional model. Sea surface temperatures (SSTs) over the ocean were obtained from the National Oceanic and Atmospheric Administration (NOAA) version 2 optimum interpolation (OI) weekly SST data with horizontal resolution of 1°Â 1° [Reynolds et al., 2002] , which were interpolated into the model grids by cubic spline interpolation in space and linearly interpolated in time. Note that these SST values have no diurnal variation, a limitation for realistic simulation of precipitation diurnal cycle over the oceans [Wang et al., 2006] . Over the land, the initial surface soil and canopy temperatures were obtained from the lowest model level with a standard lapse rate of 6°C/km. Soil moisture fields were initialized depending on the vegetation and soil types following Giorgi and Bates [1989] . The model was initialized from 0000 UT on 1 January 1998 and integrated continuously through 31 March for 3 months. This is the rainy season of the New Guinean region where the cross-equatorial flow originated from the northeast winter monsoon from the Northern Hemisphere meets the westerlies to the south of the equator as seen from the 3 month mean winds at 925 hPa from the ERA40 (Figure 1 ).
[16] Two experiments were performed. In a control experiment (CNTRL), the default settings were used with the realistic orography. In a sensitivity experiment (No-TOP), the model settings were the same as in CNTRL except for the model orography was reset to 0.1 m in the model domain so that the orographic effect was removed.
[17] Note that 1998 was accidentally a strong El Niño year. The year was selected because the same year was studied in another study by the authors with the focus on the effect of convective entrainment/detrainment rate on the simulation of tropical precipitation diurnal cycle in the whole Maritime Continent region [Wang et al., 2006] . Generally, mean precipitation during the strong El Niño year over the western Pacific warm pool region (including the New Guinean region) is below normal [Chang et al., 2005b] . Therefore comparison of model simulation with 7-year TRMM observations should be with caution. However, the characteristics of the 3-month mean diurnal cycle should not be subject to significant interannual variability although the diurnal amplitude could be modulated in response to the total rainfall in the region. We thus do not expect considerable changes for the conclusions made from this study if a different year is chosen.
Observed Diurnal Cycle of Precipitation
[18] Figure 2 shows the diurnal evolution of the composite total rainfall rate at every 2 hour interval obtained from TRMM PR 3G68 data. A weak rainband develops near the coastal region onshore on each side of the island in the early afternoon (1200 -1400 LT), then migrates inland as a result of the inland penetration of the sea-breeze front, and finally weakens during the late afternoon and early evening (1800 -2000 LT). Meanwhile, a narrow rainband forms along the central mountain ridge at about 1200 LT and continuously intensifies until the rainfall rate reaches the maximum in the early evening (2000 LT). This mountain rainband splits into two rainbands along each side of the mountain ridge during the midnight (2200 -2400 LT) to the early morning. The two rainbands then migrate away from the mountain areas, one to the south and one to the north. At the same time, a convective rainband develops over the coastal region offshore (0000 -0400 LT), triggered by the land breeze and gravity waves forced by convection earlier over the mountain areas (see further discussions in sections 4 and 5). As the inland rainbands migrate toward the coastal regions and weaken, the coastal rainband offshore intensifies (0400-0600 LT) and migrate offshore (0800 -1200 LT). The rainfall rate decreases as the distance increases offshore (1200-1800 LT).
[19] Liberti et al. [2001] studied the diurnal cycle of clouds over the New Guinea based on hourly high-resolution brightness temperature images from GMS data and revealed very similar features. However, the phase of diurnal cycle of clouds that they found seems about 2 hours earlier than the phase of precipitation described in this study. They showed that the coldest clouds develop from about 1000 LT over the highest mountains and the coastal areas but start to develop offshore of northern coast from 0200 LT. However, we found the rainfall is initiated around 1200 LT over the mountain ridge and the rainbands in the coastal regions offshore form during the midnight. The differences between theirs and ours are understandable since we show the 7-year composite diurnal cycle of rainfall rate while Liberti et al. showed the cloud systems in a 4 month period between November 1992 and February 1993. Consistent with their results, TRMM PR data also show an offshore migration of the diurnal signal in the direction roughly perpendicular to the coastline during 0800-1600 LT.
[20] Figure 3 shows the spatial distributions of the time of the maximum rainfall rate (Figures 3a -3c ) and the amplitude (Figures 3d -3f ) of the first harmonic diurnal precipitation from TRMM observations for total, stratiform, and convective rainfall rates, respectively. The total rainfall rate peaks in the late afternoon to early evening in most land areas except for in the regions between the coastlines and the mountain area where the rainfall rate peaks between late evening to midnight (Figure 3a) . This is consistent with the off mountain migration of the split rainbands over the mountain ridge earlier during the day seen in Figure 2 . Along the coastal region the rainfall rate generally peaks in the midnight to early morning. Further offshore to the north of New Guinea the rainfall rate peaks in the afternoon, a clear signal of offshore diurnal migration of precipitation.
[21] The time of the maximum convective rainfall rate has a similar pattern to that of the total rainfall rate but generally leads that of the total rainfall rate maximum by about 1 -2 hours (Figure 3b ). In contrast, the time of maximum stratiform rainfall rate generally lags that of maximum total rainfall rate by about 1 -2 hours or lags that of maximum convective rainfall rate by about 3-4 hours. This is an important feature that has not been discussed for the region previously although the potential importance of such a phase difference was discussed by Houze [1997] and Rickenbach [2004] . Our results indicate that both convective and stratiform precipitation contribute to the diurnal cycle of precipitation with the latter delays the time of the overall rainfall peak. Previous studies show predominant control of rainfall peak by convective rainfall in the tropics [Yang and Slingo, 2001; Kubota et al., 2004] .
[22] The diurnal amplitude of the total rainfall rate of the first diurnal harmonic shows two maxima: one over the mountains and the other in the coastal regions offshore (Figure 3d ). Both convective and stratiform rainfall rates have a spatial distribution quite similar to that of the total rainfall rate (Figures 3e and 3f) . However, the amplitude of the stratiform rainfall rate is much larger than that of convective rainfall rate in the mountain area, indicating the large control of precipitation diurnal cycle by stratiform precipitation in the mountain area of New Guinea. The possible mechanisms for these observed distinct features will be examined in the next two sections with our regional model results.
Control Simulation
[23] Liberti et al. [2001] indicated that the diurnal cycle of clouds over New Guinea is largely controlled by the lowlevel convergence between the large-scale flow and land-sea breeze. It will be necessary to examine whether the model simulated the large-scale circulation in the region reasonably well. As indicated in section 2 (Figure 1 ), JanuaryMarch is the rainy season over New Guinea, which is a region with low-level convergence as shown in Figure 4a from ERA-40. The low-level winds over New Guinea are Figure 2 . Diurnal evolution of the composite total rainfall rate (mm h À1 ) at every 2 hour interval from TRMM PR 3G68 observations. quite weak but strong over the surrounding oceans. The low-level winds are dominated by the northerly and northeasterly to the north while northwesterly and westerly to the south. The winds bring moist air from the adjacent warm oceans, favoring the formation of clouds and precipitation over New Guinea. The model reproduced the low-level flow quite realistically (Figure 4b) .
[24] Figure 5 shows the vertical cross sections of the 3-month mean vertical circulation averaged between the segments given in Figure 4b from ERA40 and the control simulation, respectively. The circulation shown in Figure 5 Figure 3. Spatial distributions of (a -c) the time of maximum rainfall rate and (d -f) amplitude of the first harmonic diurnal precipitation from TRMM 3G68 observations for total (Figures 3a and 3d) , convective (Figures 3b and 3e ) and stratiform (Figures 3c and 3f ) rainfall rates. Note that the time of maximum rainfall rate is whitened out if the diurnal amplitude is less than 0.1 mm h À1 for total rainfall and 0.05 mm h À1 for convective and stratiform rainfall.
is in the vertical-plan approximately perpendicular to the mountain ridge. The vertical structure from the model simulation is again very similar to that from ERA40. The low-level flows converge onto the mountain area and ascend over the mountain and diverge in the upper troposphere above 300 hPa. The low-level convergent flow extends from the surface up to about 700 hPa in the ERA40. However, in the simulation there is a low-level returning flow at the level of the mountaintop, forming a low-level cell, to the north of the mountain (Figure 5b ). This does not appear in the ERA40 probably because of the underrepresentation of the mountain in the model used to produce the reanalysis data. In addition, the location of lowlevel convergence is to the south of the high mountain ridge in the ERA40 (Figure 5a ) while on the windward slope of the mountain in the control simulation (Figure 5b ). These differences may result from the more realistic representation of the steep and high mountain in our high-resolution model than that in the reanalysis.
[25] The 3-month mean structure of the model cloud fraction (shading in Figure 5b ) is consistent with the vertical circulation. Both low and high clouds dominate the simulated clouds. Low clouds occur mainly over the land areas with highest cloud fraction over the northern slope of the mountain ridge while high clouds extend to a relatively large area with the maximum cloud fraction over the mountaintop, indicating strong control of cloud systems by the orographic forcing in addition to the land-sea contrast in the region. The model, however, produces little middlelevel clouds between 400 and 600 hPa. This seems to be unrealistic. As noted by Xu and Randall [1996] , their empirical diagnostic cloud scheme, which is used in our model, tends to underestimate the cloud fraction of middle clouds in the tropics.
[26] Figure 6 shows the 3-month composite diurnal evolution of the total rainfall rate from the control simulation. The model results are generally in agreement with the TRMM observations but with some differences in detail. Consistent with TRMM observations, the coastal rainband develops onshore in the early afternoon and migrates inland following the sea-breeze front (1200 -1400 LT). At the same time, a convective rainband develops along the mountain ridge as a result of the upslope winds associated with the elevated surface warming over the mountain in the morning hours. In the late afternoon as the sea-breeze front penetrates inland and weakens, the rainbands of the coastal origin weaken accordingly (1800 -2000 LT), while the rainband over the mountain ridge strengthens greatly and remain strong until midnight to early morning (2000 -0200 LT). As the development of downslope winds in the early morning hours (0200 -0400 LT), the rainband over the mountain splits into two rainbands, which propagate, respectively, to the south and the north toward the lowlands between 0400 -0800 LT. The rainband to the north seems to merge with the rainband previously developed around 0200-0400 LT near the north coast offshore. Although these are similar to what we see from the TRMM observations, there is about 2 hours too late in the rainfall maximum in most areas in the simulation compared to the timing shown in Figure 2 mainly because of a slower migration of the diurnal signal in the simulation. Meanwhile, the rainband in the coastal region offshore is much weaker than that from TRMM observation. However, the rainband developed in the inland coastal region associated with sea-breeze front in the early afternoon is too strong in the model compared to the TRMM observation. In addition, the rainband over the mountain ridge is narrower and stronger in the simulation Figure 6 . The 3-month composite diurnal variation of the total rainfall rates at every 2 hour interval from the control simulation.
( Figure 6 ) than in the TRMM observation (Figure 2 ), partly because of the higher horizontal resolution of the former.
[27] Figure 7 shows the spatial distributions of the time of the maximum rainfall rate (Figures 7a -7c ) and the amplitude (Figures 7d-7f ) of the first harmonic diurnal precipitation from the control simulation for total, convective, and stratiform rainfall rates, respectively. Although overall the spatial pattern of the time of maximum total rainfall rate is very similar to that appeared in TRMM observations (Figure 3) , the rainfall rate peaks about 2 -3 hours too early in the inland coastal regions (Figure 7a) . Further, over the southern New Guinea, the model produced a rainfall rate peak in the late evening to early morning instead of in the midnight (Figure 3a) . This is mainly due to the simulated Figure 7 . (a -f) As in Figure 3 but from the control simulation. The time of maximum rainfall rate is whitened out if the diurnal amplitude less than 0.05 mm h À1 for total rainfall and 0.025 mm h À1 for convective and stratiform rainfall. stratiform precipitation that peaks in the early morning in the area (Figure 7c ), several hours later than that from TRMM observation (Figure 3c ). Since the amplitude of diurnal precipitation in most of this area is relatively small (Figure 7f ), this phase difference should not be a serious problem in the simulation.
[28] The time of the maximum convective rainfall rate is about 2 -3 hours too early over most of the land area in the simulation (Figure 7b ). This bias is common to most GCMs and seems acceptable since most GCMs produce the rainfall peak in the region about 5-6 hours too early [Neale and Slingo, 2003] . The time of maximum stratiform rainfall rate (Figure 7c ) is generally comparable to that from the TRMM observations (Figure 3c ) except for about 1 -2 hour too late. Overall the phase difference between the convective and stratiform precipitation from the simulation is about 2 -3 hours longer than that from the TRMM observations (Figure 3) . Note that the definitions of the stratiform precipitation in TRMM observations and the model simulation is quite different (see section 2), this comparison only provides a rough reference from a different perspective but is suggestive in the sense that the stratiform precipitation peaks about several hours after the peak of convective precipitation. This indicates the possible contribution of convection to the subsequent large-scale stratiform precipitation in the tropics [Houze, 1997] .
[29] The spatial distribution of the diurnal amplitude of the first harmonic total rainfall rate is quite similar to that from the TRMM observations (Figure 7d ) except that the simulated amplitude is too small in the coastal regions compared to observations (Figure 3d ). Again consistent with observations, the amplitude of stratiform rainfall rate is much larger than that of convective rainfall rate in the mountain area (Figures 3e and 3f) . Note that since the TRMM PR data suffer from both the narrow swath and insufficient sampling time intervals, the 7-year composite from TRMM PR data discussed in section 3 can give an overall climatology of precipitation diurnal cycle. Although our model has both higher spatial and temporal resolutions than the TRMM PR data, we only performed one simulation for 1998. This limits somewhat the direct comparability of the data and the model results. Nevertheless, the above comparison provides further confidence with our model's ability in simulating the diurnal cycle of precipitation over New Guinea. Therefore the model results can further help understand the physical mechanisms that control the precipitation diurnal cycle in the region, such as the possible effect of orographic forcing.
[30] Figure 8 shows the diurnal evolution of vertical circulation and cloud fraction averaged between the segments given in Figure 4b at every 2-hour interval from the control simulation. The simulated cloud fraction reaches the minimum just before noon (1000 -1200 LT), consistent with the minimum rainfall rate over the mountain areas shown in Figure 6 . During this period, there is no considerable ascending motion in the lower troposphere over the mountain. Low clouds and convection develop over the mountaintop and near the inland coastal region by noontime. The former is a result of the forced ascending motion due to upslope winds associated with the radiative surface warming and the latter is associated with the development of the rainbands associated with the sea-breeze front. The lowlevel winds to the south of the mountain have an inland component normal to the mountain ridge and impinge onto mountains from 1400 LT, enhancing the upslope wind and thus the convection over the mountain. The sea-breeze, together with ascending motion and low-level clouds, to the north of the mountain penetrates inland gradually and reaches the mountain area by the late afternoon and early evening (1800 -2000 LT). Convection is further enhanced and in turn convective heating enhances the upward motion over the mountain. This positive feedback plays a crucial role in maintaining strong convection and large rainfall rate with high cloud fraction in the late afternoon to midnight (1800-2400 LT, Figures 4 and 8) . Our results thus are consistent with findings of Sasaki et al. [2004] , who found that the thermally induced upslope wind convergence plays an important role in increasing the moisture along the mountain ridge and vertical moisture transport above the mixed layer over Sumatra based on the cloud-resolving model results.
[31] After midnight, the surface cools down because of longwave radiation and the boundary layer becomes stable and does not support strong convection. The precipitation then is dominated by stratiform precipitation associated with the forced ascending motion (0000-0400 LT). At the same time, low and high clouds start to weaken over the mountain ridge and extend to both sides of the mountain (0200-0400 LT), associated with the two split rainbands propagating away from the mountain area ( Figure 6 ). The weakening of sea breeze and the development of both the land breeze and the downslope winds act to suppress the moisture convergence over the mountain after 0400 LT. As a result, both cloud fraction and rainfall rate are reduced until noontime. The stratiform precipitation contributes greatly to the observed/ simulated migration of precipitation diurnal signal over the land in the region (not shown). This is in agreement with the findings by Mori et al. [2004] , who show similar features over Sumatra from TRMM observations.
[32] To elucidate the physical processes contributing to the simulated precipitation diurnal cycle, we further examine the diurnal evolution of the near surface winds and the lower tropospheric temperature anomalies as done by Mapes et al. [2003] . Figure 9 shows time transects of rainfall rates from the TRMM observation (Figure 9a ) and from the control simulation (Figure 9b ), Shown in Figure 9 are also the diurnal anomalous surface winds normal to the mountain ridge (Figure 9c ) and perturbation temperature at s = 0.826 (Figure 9d ) (both with the daily mean removed) averaged between the segments given in Figure 4b from the control simulation. As discussed above, there are several rainfall regimes in the TRMM observation, including the coastal inland, coastal offshore, lowland south of the central mountain ridge, and mountain area rainbands (Figure 9a ). These regimes are broadly simulated reasonably well in the model (Figure 9b ). The diurnal winds display the development of both upslope winds in the morning hours well before the development of precipitation over the mountain ridge and the sea breeze by noontime, both strengthening until early evening (about 2000 LT). The sea breeze retreats from the inland to the coastal region from midnight, followed by the development of downslope winds from the mountains and the development of land breeze until the early morning (Figure 9c ). Figure 4b at every 2-hour interval from the control simulation. Left-to-right corresponds to SW-to-NE in Figure 4b .
[33] Note that there is an asymmetry between the progression of sea breeze and land breeze. The inland penetration of sea breeze is relatively slow while the withdrawal of sea breeze and the following development of land breeze is much faster. More importantly, there appears a diurnal wave propagating from the mountain area to the open ocean with a phase speed of around 10-15 m s À1 in both southwest and northeast directions. This is consistent with the offshore migration speed of cloud systems in the same region as documented by Liberti et al. [2001] , who attributed the offshore migration to the interaction of mean flow and the land breeze, a mechanism proposed by Houze et al. [1981] . Mapes et al. [2003] examined the diurnal perturbation temperature and found that gravity waves forced by deep convection earlier over the mountain play a critical role in triggering nocturnal convection in the coastal region offshore in Northwest South America. We have performed a similar analysis for our control simulation. As seen from Figure 9d , the perturbation temperature has a very similar spatiotemporal evolution as reported by Mapes et al. [2003, Figure 7] . The propagation speed of the temperature waves is about 10-15 m s À1 as well, indicating that the nocturnal rainbands in the offshore coastal regions are triggered by a combined effect of land breeze and the gravity waves previously forced by deep convection over the mountain ridge. This will be further confirmed by the sensitivity experiment with orography removed as discussed in the next session.
Sensitivity Experiment
[34] Although the results discussed above demonstrate the orographic control of the simulated diurnal cycle of clouds and precipitation over New Guinea, it is, however, hard to isolate the orographic effect from the effect of landsea contrast. We thus conduct a sensitivity experiment in which the model terrain was reset to 0.1 m in the model domain. In such an extreme case (No-TOP), the orographic effect is almost removed in the simulation. (Strictly speaking, this is not the case since the large-scale forcing used to drive the regional model from the ERA-40 reanalysis has included the orographic effect. However, since the orography was much underrepresented in the model used for the reanalysis, the resulted orographic effect thus is greatly suppressed.) Comparison of the results from the sensitivity experiment with the control simulation can provide insights into the orographic effect on both the simulated diurnal cycle and longer-term mean of clouds and precipitation in the region.
[35] Figure 10 shows the 3-month mean horizontal winds and the corresponding horizontal divergence fields averaged between 500 and 1000 hPa from the control simulation (Figure 10a ) and the sensitivity experiment (Figure 10b ), together with the vertical circulation from the latter (Figure 10c) . The low-level flow pattern in No-TOP is quite different from that in CNTRL. The low-level winds over the land in No-TOP are dominated by the northwesterly winds with much weaker convergence. In CNTRL, northwesterly winds occur to the north of the central mountain ridge while west-southwesterly winds to the south, giving rise to a strong low-level convergence zone over the top of the mountain, consistent with the large rainfall rates over the mountain in both the TRMM observations (Figure 11a ) and the control simulation (Figure 11b) . Because of the removal of the mountain, the orographically forced ascending motion appeared in the 3-month mean vertical circulation in control simulation (Figure 5b ) no longer exists in No-TOP ( Figure 10c) . As a result, the mean vertical motion is very weak, consistent with the weak convergence ( Figure 10b ) and much reduced 3-month mean rainfall rate over the land area in No-TOP (Figure 11c ) compared to those in CNTRL (Figure 11b ).
[36] With the removal of orography in No-TOP, the diurnal evolution of precipitation is very different from that in CNTRL. The rainbands develop in both the south and north coastal regions of the island after sunrise (0800 LT) and then intensify and migrate slowly inland as the sea breeze develops and penetrates inland ( Figure 12 ). As a result, the central land region receives much rainfall during the late evening to early morning (2000-0600 LT), indicating the dominant role of sea breeze in regulating the diurnal evolution of rainfall in this case. This can be seen much clearer from the time transect of rainfall rate averaged between the segments in Figure 4b (Figure 13) . Compared with the TRMM observation and the control simulation shown in Figure 9 , the early afternoon development of rainband over the mountain area is totally missing with the mountains removed in No-TOP (Figure 13a) . Further, the rainband splitting over the mountain and the subsequent migration toward the lowlands seen in both the TRMM observations and CNTRL are missing too (Figure 13a ), indicating the importance of upslope and downslope winds in regulating the diurnal cycle of rainfall over New Guinea (Figure 9c ). The diurnal anomalous winds normal to the coastline are dominated by land-sea breeze (Figure 13b ). In particular, sea breezes seem to control the inland migration of rainbands. Note that because of the predominant northeasterly mean flow (Figure 10b ), the sea breeze from the north penetrates much deeper inland than that from the south. Another remarkable feature is the large suppression of precipitation in the coastal region offshore (Figure 13a ) and the missing of gravity waves over the land (Figure 13b ) in No-TOP compared with the TRMM observations and the control simulation (Figures 9a and 9b) . The amplitude of perturbation temperature offshore associated with the gravity waves forced by convection over the flat land in the No-TOP experiment (Figure 13c ) is much weaker than that in CNTRL (Figure 9d ). This further confirms that the central mountain ridge acts as the home of deep convection and a source of gravity waves, contributing to the initiation of nocturnal convection in the offshore coastal regions.
[37] The first harmonic diurnal rainfall rate in No-TOP peaks in the early afternoon in the inland coastal region around the island and in the late afternoon to early evening in the central region (Figure 14a ). The convective rainfall rate peaks in the early afternoon (Figure 14b ), similar to that in CNTRL (Figure 7b ), while the stratiform rainfall rate peaks predominantly in the early morning in the mountain areas (Figure 13c) , about 3 -4 hours later than that in CNTRL (Figure 7c ). The rainfall rate in most of the ocean areas offshore in No-TOP peaks several hours earlier than in both the TRMM observation (Figure 2 ) and the control simulation (Figure 7) , indicating the remote effect of orography on the diurnal cycle of precipitation over the surrounding oceans. In addition, the amplitude of the first diurnal harmonic rainfall rate is much reduced in No-TOP, especially in the central mountain areas (Figure 14d ) as a result of the reduction of both convective and stratiform rainfall rates (Figures 14e and 14f) , consistent with the reduction in the 3-month mean precipitation shown in Figure 11c .
Conclusion
[38] The diurnal cycle of precipitation over land is mainly controlled by the solar radiation with the rainfall peak in the late afternoon. However, this broad picture can be modified greatly by both land-sea contrast and orography in the Maritime Continent region. In this study, we examined the precipitation diurnal cycle in the New Guinean region based on TRMM satellite observations and regional atmospheric model simulations. The study focused on the effects of both the land-sea contrast and the orographic forcing on the diurnal evolution of precipitation during the rainy season (January -March) in the region.
[39] The 7-year TRMM PR data composite revealed several distinct features of the precipitation diurnal cycle over New Guinea and the surrounding oceans. Precipitation bands develop in the inland coastal regions in the late morning to early afternoon and migrate inland following the inland penetration of the sea-breeze fronts. A convective rainband develops over the central mountain ridge in the early afternoon as a result of the development of the upslope winds due to the elevated surface warming over the mountain in the morning hours. This mountain ridge rainband intensifies to become the dominant rainband as the coastal rainbands associated with the sea-breeze fronts weaken during the late afternoon and the early evening. In the midnight to the early morning the rainband over the mountaintop weakens as the development of downslope wind and splits into two rainbands, propagating away from the mountain ridge, one to the south and one to the north, and weaken over the lowland some distance away from the coasts. Meanwhile, a coastal rainband develops offshore on each side of the island in the late evening to midnight and remains strong through early morning before it migrates offshore. As a result, the rainfall rate peaks in the late afternoon to early evening in most land areas except for in the regions between the coastlines and the mountain where the rainfall rate peaks between the midnight and early morning. The distribution of the diurnal amplitude shows two maxima: one over the mountains and the other in the coastal regions offshore. Convective rainfall peaks in the late afternoon while stratiform rainfall peaks in the midnight to early morning with the latter dominating the large diurnal amplitude in the mountain areas. There is a clear offshore migration of diurnal signal from the mountain ridge, giving rise the morning peak in rainfall rate in the marginal seas.
[40] The above broad features were simulated reasonably well in a control experiment with a high-resolution regional climate model. In particular, the model results allow us to examine the physical mechanisms responsible for the observed evolution of precipitation diurnal cycle. We showed Figure 13 . Time transects of (a) rainfall rate (in mm h À1 ), (b) the diurnal anomalous surface winds (in m s À1 ) normal to the mountain ridge and (c) the perturbation temperature (in K) at s = 0.826 (both Figures 13b and 13c with the daily mean removed) averaged between the segments given in Figure 4b from the No-TOP experiment. The vertical lines show the southwest and northeast coastal lines of New Guinea.
that the initiation of precipitation band in the coastal region in the late morning and subsequent inland migration in the afternoon is closely related to the development and inland penetration of the sea-breeze front. The rainband over the mountain develops in the early afternoon in response to the development of upslope winds in the morning hours as a result of surface warming due to solar radiation. The splitting of mountain rainband is associated with the development of the downslope winds as a result of surface cooling over the mountains. Finally, the initiation of the nocturnal rainband in the coastal region offshore is triggered by the gravity waves forced by deep convection earlier over the mountain ridge.
[41] A sensitivity experiment with the terrain removed was further conducted to elucidate the role of orographic forcing in the diurnal evolution of both the local circulation and rainfall patterns. The results show that the orography increases the moisture convergence at low levels by blocking and deflecting the mean flow, increasing the mean precipitation over the mountain areas. The upslope and downslope winds over the mountains due to diurnal radiative heating/cooling play a critical role in regulating the precipitation diurnal cycle not only over the mountains but also over the surrounding oceans. The central mountain acts as the home of deep convection and a source of gravity waves, contributing to the initiation of nocturnal convection in the offshore coastal regions.
[42] Although there are still several discrepancies in our control simulation, such as too small diurnal amplitude over the oceans and too weak signal of offshore migration in precipitation diurnal cycle to the north of the New Guinean Island, our model successfully simulated the precipitation bands associated with both the land/sea breeze and the upslope/downslope winds in the mountain areas and their interactions. The results from this study thus demonstrate that in order to simulate precipitation diurnal cycle realistically in the Maritime Continent region and over the surrounding oceans, very high model resolutions are required to resolve both the land-sea contract and small-scale and mesoscale mountains. Alternatively, some parameterization schemes should be developed to represent these subgrid-scale effects accurately in relatively coarse resolution climate models.
